Introduction
============

The selective inhibition of protein--protein interactions (PPIs) is a general tactic that may lead to the development of therapeutics for targets once thought "undruggable."^[@cit1]^ One approach to achieve this is the use of peptide inhibitors, which feature high potency, selectivity, and often have low toxicity.^[@cit2]--[@cit4]^ Linear peptides, however, are readily degraded by proteases, exhibit low cell-permeability, and often adopt disordered conformations that affect their target binding affinity.^[@cit5]^ Peptide macrocyclisation has emerged as a compelling strategy to overcome these issues.^[@cit6]--[@cit9]^ Compared to their linear counterparts, macrocyclic peptides often display enhanced binding affinity, resistance to protease degradation, and in certain cases, readily enter cells.^[@cit4],[@cit10]^ However, few systematic studies of the pharmacokinetic and physicochemical properties (*e.g.* lipophilicity and phospholipid affinity) have been reported.

Numerous synthetic tools for peptide macrocyclisation have been developed in recent years. One notable strategy is the crosslinking of two amino acid side chains. Classic techniques utilise lysine and glutamic acid/aspartic acid residues for lactam formation.^[@cit11]^ More recently, these techniques have been augmented by protocols involving ring-closing metathesis,^[@cit12]^ cycloadditions,^[@cit13],[@cit14]^ oxime formation,^[@cit15]^ alkylation,^[@cit16]^ thiol--ene reaction,^[@cit17]^ arylation chemistry by nucleophilic aromatic substitution (S~N~Ar),^[@cit18],[@cit19]^ and metal-mediated reactions.^[@cit20]^ Many of these macrocyclisation protocols rely on unnatural amino acids requiring multistep synthesis to diversify their structures. Few methods allow for modular tuning of the linker structure without altering the amino acid sequences.^[@cit21]--[@cit24]^ Previous studies have indicated that the nature of the linker strongly influence the stability, structure, binding affinity, and cell permeability of macrocyclic peptides.^[@cit18],[@cit19],[@cit21]^ However, it is unclear how linkers influence the pharmacokinetic properties such as lipophilicity, phospholipid affinity, volume of distribution, and Human Serum Albumin (HSA) binding profiles. It remains uncertain if these physicochemical properties can be modulated, generally, based on linker design or if their impact is peptide sequence dependent. Understanding the effect of linkers on these parameters will aid in assessing the "drug likeness" of macrocyclic peptides and facilitate the development of future therapeutics.

Recently, we have described a palladium-mediated method for cysteine arylation ([Fig. 1A](#fig1){ref-type="fig"}), using biaryldialkylphosphine-based complexes of type LPd(Ar)(X) (X = Cl, Br, OTf; L = ligand) as arylating reagents.^[@cit25]^ Preliminary application to peptide macrocyclisation was demonstrated using a 4,4′-benzophenone-linked bis-palladium reagent along with a few others, resulting in effective crosslinking of two cysteine residues at the *i*, *i* + 4 positions of an unprotected peptide.^[@cit25]^ Here we report expanding this method to synthesis of aryl linkers of varying length, rigidity, and electronic properties ([Fig. 1B](#fig1){ref-type="fig"}) and a systematic study of the effect of linkers on the lipophilicity, HSA binding, phospholipid affinity, and target binding affinity of these macrocyclic peptides. In particular, a series of bis-palladium reagents were readily prepared from commercially available aryl bis-halides. These air-stable palladium reagents were used to macrocyclise two bioactive peptides: a peptide (NYAD-1) that binds the HIV-1 C-terminal capsid protein (C-CA) with cysteine residues at the *i*, *i* + 4 positions and a p53/MDM2 inhibitor analogue based on the p53 protein with cysteine residues at the *i*, *i* + 7 positions.^[@cit10],[@cit26],[@cit27]^ These two model systems are employed in peptide macrocyclisation studies and would let us determine if the resulting physicochemical trends were dependent on peptide sequences or crosslinking positions. The generality of this approach should allow for the further development of therapeutic reagents that can be finely tuned to meet the challenges during the development of peptide therapeutics.

![*S*-Arylation and macrocyclisation of unprotected peptides. This work expanded the palladium-mediated *S*-arylation chemistry (A) to peptide macrocyclization (B), providing a diverse array of aryl linkers with the capability to tune and manipulate the physiochemical properties of the resulting macrocyclic peptides.](c6sc05454d-f1){#fig1}

Reported isolated yields are an average of two runs after purification. Oxidative addition complexes are air-stable and readily characterized by solution ^1^H, ^31^P, and ^19^F NMR (where applicable), elemental analysis, FT-IR (see ESI[†](#fn1){ref-type="fn"} for characterization).

Results and discussion
======================

Synthesis of bis-palladium oxidative addition complexes
-------------------------------------------------------

To initiate our study, a series of bis-palladium complexes (**OA-Y**, [Table 1](#tab1){ref-type="table"}) were synthesized as macrocyclisation reagents. 2-Dicyclohexylphosphino-2′,6′-diisopropoxybiphenyl (RuPhos) was selected as the ligand for palladium, in combination with a series of aryl, biaryl, and biaryl ether dihalides, eight oxidative addition complexes were synthesized (**OA-A** through **OA-I**). These were chosen to probe the effects of linker length, rigidity, and degree of fluorination on the physicochemical properties of the macrocyclised peptide.

###### One-step synthesis of oxidative addition complexes as stapling reagents are synthesized in good yields

  -------------------------------
  ![](c6sc05454d-u1.jpg){#ugr1}
  -------------------------------

As shown in [Table 1](#tab1){ref-type="table"}, the bis-palladium macrocyclisation reagents were prepared in good to excellent yields, regardless of the substitution pattern of the aryl dihalide. These oxidative addition complexes could be stored under air at 4 °C for extended periods without loss of reactivity, as demonstrated by similar reaction profiles of a freshly prepared sample and a sample stored in a freezer at 4 °C for more than two years (see ESI[†](#fn1){ref-type="fn"} for details).

Synthesis of macrocyclic peptides
---------------------------------

Using a combination of batch and rapid flow solid phase peptide synthesis (SPPS),^[@cit28]^ peptides **P1** and **P2** were synthesized on resin, cleaved, and later purified by reverse-phase HPLC to afford the starting material for the subsequent macrocyclisation reactions (see ESI[†](#fn1){ref-type="fn"} for details). Peptide **P1** is a variant of a known inhibitor of the HIV-1 C-terminal capsid protein (C-CA)^[@cit27]^ and peptide **P2** is a mutant of a peptide that disrupts p53/MDM2 interaction based on the p53 protein.^[@cit10]^ Cysteine residues were placed at *i*, *i* + 4 and *i*, *i* + 7 positions for **P1** and **P2**, respectively. As such, these two systems will allow us to probe whether linkers will have the same effect when the peptide sequence and the position of the crosslinking is varied.

Fine-tuning of the reaction conditions led to an optimised protocol for peptide macrocyclisation ([Fig. 2](#fig2){ref-type="fig"}, top). Exposure of the purified peptides **P1** and **P2** to these conditions afforded macrocyclisation products in good to excellent yields (70--99%, [Fig. 2](#fig2){ref-type="fig"}) as determined by LC-MS analysis of the crude reaction mixtures (see ESI[†](#fn1){ref-type="fn"} for details). As shown by a representative LC-MS trace, the crude reaction mixtures generally contained only desired macrocyclic product along with a few by-products derived from the macrocyclisation reagent (see ESI[†](#fn1){ref-type="fn"} for full characterization of each purified macrocyclic peptide). Upon completion of the reaction, the crude reaction mixture was treated with 3-thiopropionic acid,^[@cit25],[@cit29]^ subjected to centrifugation, and the supernatant liquid was lyophilized and subsequently purified by reverse-phase HPLC. ICP-MS analysis of the purified peptides showed that more than 99% of palladium was removed using this purification protocol. Importantly, dimerization of two peptides was not observed. Side reactions whereby two peptides form dimers are common complications for two-component macrocyclisation reactions, but were not found here.^[@cit6]^ The perfluorinated macrocyclic peptides **P1-F**, **P2-F**, **P1-H**, and **P2-H** ([Table 3](#tab3){ref-type="table"}) were synthesized by previously reported S~N~Ar chemistry.^[@cit18]^

![Macrocyclisation of two unprotected peptides with cysteine residues at *i*, *i* + 4 (**P1**) and *i*, *i* + 7 (**P2**) positions proceeds with high efficiency. Peptide sequences are shown with one-letter code. Yields determined by integrating total ion current (TIC) chromatograms from HPLC-MS analysis of the crude reactions and represent an average of two runs (see ESI[†](#fn1){ref-type="fn"} for details).](c6sc05454d-f2){#fig2}

Physicochemical properties of macrocyclic peptides
--------------------------------------------------

After purifying the conjugates, we sought to investigate how the linking units affect the lipophilicity, human serum albumin (HSA) binding profiles, and if possible, the phospholipid affinity and volume of distribution for these macrocyclic peptides.

Lipophilicity is a critical parameter for drug formulation and which determines whether a compound will have the tendency to dissolve into lipid or aqueous environments.^[@cit18]^ This is an important consideration for pharmaceutical discovery and part of Lipinski\'s 'Rule of 5'.^[@cit30]^ For neutral small molecules, lipophilicity is often measured as log *P* where *P* is the partitioning coefficient between octanol and water. For compounds potentially exhibiting zwitterionic character, a more appropriate measure is log *D* where *D* is the distribution coefficient, which measures the overall distribution of both ionised and neutral forms of the compound when the aqueous phase is buffered to a particular pH.^[@cit20]^ We sought to determine whether this parameter could be manipulated for macrocyclic peptides by varying just the aryl linkers. Being able to successfully modulate this parameter without disrupting other activity profiles could be a useful tactic for peptide drug development.

Using known methods,^[@cit31]^ retention times of the HPLC profiles of cyclised and linear variants of peptides **P1** and **P2** were measured and correlated to octanol--water distribution in solutions buffered to pH 7.4. Retention times, and mass spectrometric data were correlated to literature values for the log *D* of other compounds and then used to assign numerical values of lipophilicity to these peptides.

[Fig. 3A](#fig3){ref-type="fig"} shows how these log *D* ~7.4~ values can be manipulated between 1.8 for uncyclised **P1-K** to 2.7 for **P1-C** and **P1-J**. Interestingly, **P1-G** and **P1-H** exhibit the same log *D* ~7.4~ value of 2.0, indicating that incorporation of fluorine substituents does not necessarily lead to increased lipophilicity. Peptides **P1-B** and **P1-E** (methyl substituted and *p*-trifluoromethyl phenyl linkers), however, do differ slightly with log *D* ~7.4~ values of 2.3 and 2.4, respectively.

![Lipophilicity measurements of two series of macrocyclic peptides show dependency on relationship between linker structure and amino acid sequence. Log *D* at pH 7.4, a measurement of lipophilicity for amphiphilic compounds, as measured by dissolving peptides in DMSO followed by rapid LC-UV-MS correlated to water/octanol partitioning for each macrocyclic peptide. Lipophilicity shows dependence on both crosslinker and amino acid composition.](c6sc05454d-f3){#fig3}

To determine whether the measured lipophilicity depends on peptide sequence and crosslinking positions, we also cyclised a variant of the P53/MDM2 inhibitor, **P2**, and measured lipophilicity values using the same methods ([Fig. 3B](#fig3){ref-type="fig"}).

Notably, the cyclisation of peptide **P2** significantly increased the lipophilicity values from 0.6 for uncyclised **P2-K** to 2.9 for **P2-J**. The methylated diaryl ether cross linker again yielded the highest log *D* values for both peptides. However, the change in log *D* does not solely depend on the linker, rather a combination of linker and peptide. For instance, **P1-C** has the same log *D* as **P1-J**, but for **P2-C** the lipophilicity is intermediate. Another notable example is for linker **B**, peptides **P1-B** and **P2-B** display contrasting lipophilicities.

Another parameter governing therapeutic utility is human serum albumin (HSA) binding. HSA, a prominent protein in plasma, is capable of binding many different classes of ligands. This binding is partially responsible for the pharmacokinetic behaviour of many drugs and can strongly influence their efficacy and delivery.^[@cit32]^ By using a stationary phase comprising immobilized HSA, the propensity of a molecule to bind to this protein can be determined by HPLC methods.^[@cit33]^ Although minor deviations in HSA binding were observed, all macrocyclised **P1** and **P2** variants were found to exhibit high HSA binding percentage, regardless of the aryl crosslinker (see ESI[†](#fn1){ref-type="fn"} for details).

Measurement of gradient HPLC retention times on immobilized artificial membrane columns allows for phospholipid binding analysis (CHI IAM~7.4~). In conjunction with the lipophilicity results, modelling of volume of distribution (VD) can be performed on the modified peptides.^[@cit34]^ VD relates administered doses of drugs to their distribution between tissues and plasma *in vivo*. Knowledge of this parameter, along with clearance times, allows for the duration of drug exposure to be estimated, making VD another key pharmacokinetic parameter in the development of new therapeutics.

The results presented in [Table 2](#tab2){ref-type="table"} are for peptides based on the p53/MDM2 inhibitor **P2**. Undesirable physicochemical properties can lead to a promiscuous profile and increased adverse effects. For a given lipophilicity, basic compounds tend to be less selective.^[@cit35]^ Phospholipid affinity, a measure of this property, was therefore determined for the macrocyclised peptides. Four **P2** peptides **P2-G-J** demonstrate high phospholipid affinity and considerably higher predicted volumes of distribution and would be expected to have a higher promiscuity index than other **P2** peptides. This is an example of when the HPLC biomimetic methodologies can offer a perspective in structure activity relationships for pharmaceuticals. VD values could not be obtained for the **P1** variants due to the high levels of binding to the immobilized artificial membrane column, which could be indicative of large tissue to plasma ratios *in vivo*.

###### Phospholipid affinity and volume of distribution for the **P2** peptides controlled by linker structure. CHI IAM, chromatographic hydrophobicity index obtained on an immobilized artificial membrane column were used along with HSA binding to calculate log VD values^[@cit34]^

  Peptide    CHI IAM pH 7.4   log VD
  ---------- ---------------- --------
  **P2-A**   47.3             0.46
  **P2-B**   36.7             --0.26
  **P2-C**   48.2             0.49
  **P2-D**   46.1             0.35
  **P2-E**   49.9             0.59
  **P2-F**   49.2             0.59
  **P2-G**   64.5             2.37
  **P2-H**   59.2             1.54
  **P2-I**   61.8             1.90
  **P2-J**   70.0             3.42
  **P2-K**   32.4             0.13

Binding of **P1** variants to HIV-1 C-terminal capsid protein (C-CA)
--------------------------------------------------------------------

Tuning the physiochemical properties without diminishing the activity of a peptide is valuable for developing peptide therapeutics. We chose **P1** variants to study how the linkers affect the binding of these macrocyclic peptides to C-CA. Biotinylated **P1** variants were prepared for immobilization on the streptavidin biosensors and were sampled against serially diluted concentrations of C-CA using BioLayer Interferometer (see ESI[†](#fn1){ref-type="fn"} for details). Two control peptides with scrambled sequences, **P4-A** and **P4-K**, were also measured to ensure that the observed binding events were not due to nonspecific binding of the aryl linkers ([Table 3](#tab3){ref-type="table"}).

###### Target binding affinity for **P1** macrocyclic peptides. Reported dissociation constants (*K* ~D~) for macrocyclic peptide variants of **P1** and the scrambled **P4** controls against the C-terminal domain of HIV-1 capsid protein (C-CA), as measured by BioLayer Interferometry

  Peptide    Cross-linker                      *K* ~D~ (μM)
  ---------- --------------------------------- --------------
  **P1-A**   ![](c6sc05454d-u2.jpg){#ugr2}     9.2 ± 0.4
  **P1-B**   ![](c6sc05454d-u3.jpg){#ugr3}     9.7 ± 0.4
  **P1-C**   ![](c6sc05454d-u4.jpg){#ugr4}     21.0 ± 2.4
  **P1-D**   ![](c6sc05454d-u5.jpg){#ugr5}     9.5 ± 0.5
  **P1-E**   ![](c6sc05454d-u6.jpg){#ugr6}     12.0 ± 0.8
  **P1-F**   ![](c6sc05454d-u7.jpg){#ugr7}     12.0 ± 0.6
  **P1-G**   ![](c6sc05454d-u8.jpg){#ugr8}     61 ± 35
  **P1-H**   ![](c6sc05454d-u9.jpg){#ugr9}     \>100
  **P1-I**   ![](c6sc05454d-u10.jpg){#ugr10}   56 ± 21
  **P1-J**   ![](c6sc05454d-u11.jpg){#ugr11}   \>100
  **P1-K**   ![](c6sc05454d-u12.jpg){#ugr12}   5.5 ± 0.6
  **P4-A**   ![](c6sc05454d-u13.jpg){#ugr13}   \>100
  **P4-K**   ![](c6sc05454d-u14.jpg){#ugr14}   \>100

The linear control peptide **(P1-K**) showed an equilibrium dissociation constant (*K* ~D~) of 5.5 ± 0.6 μM in line with previous literature reports.^[@cit27],[@cit36]^ All of the mono-aryl linkers with 1,4-substitutions (**P1-B**, **P1-D**, **P1-E**, and **P1-F**) had *K* ~D~ comparable to the linear control. However, variant **P1-C** with 1,3-substitution showed slightly lower binding affinity (*K* ~D~ = 21.0 ± 2.4 μM). Moreover, macrocyclic peptides with the biphenyl and biaryl ether crosslinkers all showed little to no binding affinity to C-CA. Taken together, these results indicated that the length of the crosslinker impact binding to the target. It is worth noting that, although differing greatly in their lipophilicity ([Fig. 3](#fig3){ref-type="fig"}), the 1,4-substituted mono-aryl linkers (**P1-B**, **P1-D**, **P1-E**, and **P1-F**) did not exhibit significant differences in binding affinity C-CA.

Conclusions
===========

We have shown that palladium-mediated *S*-arylation chemistry is a "shovel ready" technology for rapid and straightforward divergent macrocyclisation of peptides; linkers, sequences, and crosslinking positions can be varied. Preparation of bis-palladium crosslinking reagents is straightforward and one-step from commercially available aryl dihalides. The linker had a significant affect on the physicochemical properties and in some cases the target binding affinity was maintained.

The design and eventual use of macrocyclic peptides in the clinic is uncharted, especially when compared to small molecules. Here we show by combining powerful chemistry, and simple chromatographic techniques to measure the physicochemical properties of each variant we could rank order peptides on basis of protein binding, lipophilicity, phospholipid affinity, and predicted volume of distribution. These measurements may find application in medicinal chemistry by providing a means to filter out peptides with undesirable physicochemical characteristics such as high phospholipid affinity at an early stage within the drug discovery process.
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